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lvn }r rkrwp jnr ~wqp kmr ~qzzq jno rÊ|vkjqn 
R sin θ + hc
ls −R cos θ
=
ha + hc
la
=
hb
lb
=
Pz
lbK
ŁÚ

±
rwr y
R
jx kmr zrnokm q~ kmr uvwvlm|kr ~wqp kmr x jrz kq kmr vur y
hc jx kmr rwkjlvz mrjomk q~ kmr lvp rwv
v}qr kmr x jrz y vn
ls jx kmr v jvz jxkvnlr ~wqp kmr x jrz kq kmr lvp rwv  mr Ê|vnkjky lb y jx kmr v jvz
jxkvnlr ~wqp kmr }vlxmrzz ~vlr kq kmr lvp rwv 

mr lqnxkvnk y
K
y xlvzrx kmr u jrzx urw p rkrw vk kmr v jvz
zq lvkjqn q~ kmr ~vlr q~ kmr }vlxmrzz y vn
Pz jx kmr n|p}rw q~ u jrzx jn kmr jrq jp vor ~wqp kmr jp vor lrnkrw
kq kmr uvwvlm|kr vur jn kmr rwkjlvz jwrlkjqn 
»
Ê|vkjqn Ú qrx nqk u rwp jk vn ruzjljk xq z|kjqn ~qw
θ
y xq vn
jkrwvkjr xqz|kjqn vx lvzl| zvkr ~qw rvlm vkv uqjnk 

mr xvpr wrzvkjqn vx lvzl|zvkr ~qw
ψ
rlruk
hc = 0
~qw kmr lvzl|zvkjqnx jn kmr 

uzvnr 
²
jo|wr Þ xmq x v lvuk|wr jrq jp vor vn mq kmr ujrzx vwr prvx|wr
~qw jnu|k jnkq rÊ|vkjqn Ú
²
qw rvlm jrq ~wvp r y kmr jxkvnlrx ~wqp kmr qwjo jn y
Py vn Pz y rwr p rvx|wr jn
ujrzx vn lqnrwkr kq kmr ujklm vn

v vnozrx y
θ
vn
ψ


­
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hc
R
lb
ls
la
ha
hb
Camera
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
mr vnozrxq~vkkvl vn vnozrxq~xjrxzju y
α
vn
β
y vwr kmrn rkrwp jnr ~wqp kmr jnxkvnkvnrq|x u jklm vn

v vnozrx uz| x lqpuqnrnkx |r kq kmr pqkjqn q~ kmr uvwvlm|kr vx jk ujqkx v}q|k jkx vnlmqw uqjnk 
α = θ +
Rcp cos θ
V∞
θ˙
ŁÜ

β = ψ +
Rcp cosψ
V∞
ψ˙
ŁÞ

±
rwr y
Rcp jx kmr jxkvnlr ~wqp kmr x jrz uqjnk kq kmr uvwvlm|kr lrnkrwq~uwrxx|wr Łvxx|p r kq }r kmr zq lvkjqn
q~ kmr uvwvlm|kr lrnkrw q~ p vxx

vn
V∞ jx kmr ~wrrxkwrvp rzq ljk ²qw v zvwor ~wrrxkwrvp rzq ljky kmr θ˙
vn
ψ˙
krwp x vwr xp vzz vn kmr kqkvz vnozrq~vkkvl lvn }r jwrlkz

prvx|wr ~wqp kmr jrq vkv 
±
qrrw y
vnvz

xjx q~ kmjx krxk vkv jnjlvkr kmvk
θ˙
vn
ψ˙
p|xk } r jnlz|r kq q}kvjn kmr kqkvz vnozrq~vkkvl kmvk
kmr uvwvlm|kr lvnqu

rurwjrnlrx mrn jk jx ~wrr kq wqkvkr jn kmr k|nnrz 
²
qw kmr vkv wr|lkjqn rxlwj} r zvkrw y kmrxr vnozrx rwr lqp}jnr jnkq v kqkvz kqkvz vnozrq~vkkvl y
αT 

mr kqkvz vnozrq~vkkvl jx lvzl|zvkr ~wqp kmr vnozrx y
α
vn
β
y vx ~q zzq x 

­
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αT = cos
−1(cosα cosβ)
Łü


mr vjp|kmvz qw lzq l vnozr y
φ
y vx vzxq lvzl|zvkr ~wqp kmr ujklm vn

v vnozrx kq zvkrw vllq|nk ~qw kmr
jnÇ|rnlr q~ owvjk

jn kmr rÊ|vkjqnx q~ p qkjqn 

mr xrk q~ kqkvz vnozrq~vkkvl vkv vn vjp|kmvz vnozr
~qwp r kmr wv vkv ~wqp mjlm kmr xkv}jzjk

lqrs ljrnkx rwr rkwvlkr 
Øed¶´hef¶_b

q rkrwp jnr kmr ujrzxurwp rkrw lqnxkvnk y
K
y v lvzj}wvkjqn vx urw~qwp r |xjno jrq q~ qnr q~

w| ý xkvkjl
vrwq

nvp jl
α−
xrrux  Èn

w| ý krxk y kmr ~| zz xkw|k pq|nk y mqzjno v uvwvlm|kr y vx xruk kmwq|om v wvnor
q~ vnozrxq~vkkvl Ł
−18
kq
+18 deg


mjx uwqjr v oqq xrk q~ jp vorx kq lvzj}wvkr kmr ujrzxu rwprkrw
lqnxkvnk vx kmrwr rwr xrrwvz wr~rwrnlr uqjnkx kmvk pqr kmwq|om v nqn uvkm kmvk vx rw

xjp jzvw kq
kmr pqkjqnx kmwq|om mjlm kmr uvwvlm|kr kwvrzr jn kmr ~wrrkqwqkvkr krxk  {qkr kmvk ~qw kmr xkvkjl krxk kmr
vnozrq~vkkvl y
α
y vn kmr ujklm vnozr jn kmr  uzvnr y
θ
y vwr jrnkjlvz 

mr orqp rkw

q~ kmr xkvkjl vrwq

nvp jl krxk xrk|u jx xmqn jn
²
jo|wr ü 

mwrr uqjnkx rwr xrzrlkr ~qw
lvzj}wvkjqn q~ kmrjw q}xrwr uqxjkjqnx jn kmr jrq ~wvp rx kq kmrjw nqn uqxjkjqn x jn kmr k|nnrz 

mrxr vwr
nqkr jn
²
jo|wr ü 
²
wqp kmr orqp rkw

q~ kmr krxk xrk|u y kmr mrjomk q~ kmr lvp rwv jn kmr k|nnrz y
hc y vn kmr
ujrzu rwp rkrw lqnxkvnk y
K
y rwr rkrwp jnr ~wqp kmr ~qzzq jno kmwrr rÊ|vkjqnx mjlm rxlwj} r kmr uqxjkjqn
q~ kmr kmwrr wr~rwrnlr uqjnkx jn kmr jrq jp vor 
h′1
l1
=
R1 sin θ + hc
lb − (lp +R1 cos θ)
=
P1
lbK
Łû

h′2
l2
=
R2 sin θ + hc
lb − (lp −R2 cos θ)
=
P2
lbK
Łß

h′3
l3
=
R3 sin θ − hc
lb − (lp +R3 cos θ)
=
P3
lbK
ŁÝ

hc
Pivot
lb
lp
h'3
h'2 h2
h3h1
Camera
R 2
R 1
R 3
h'1
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
vz|rx ~qw
hc vn K rwr rkrwp jnr kmvk } rxk ¼k kmr xrk q~ kmrxr rÊ|vkjqnx vk rvlm vnozrq~vkkvl prvx|wr
jn kmr xkvkjl krxk   xjno kmwrr lvzj}wvkjqn uqjnkx vr lqn¼rnlr kmvk qukjlvz jxkqwkjqn q~ kmr jp vor vx nqk
xjonj¼ lvnk 

mr vz|rx ~qw
hc vn K rwr lvzl|zvkr kq }r 0.1524 m (6.0 in) vn 133.86 pix/m (3.40 pix/in)
wrxurlkjrz



­
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
q rkrwp jnr kmr xkv}jzjk

lqrs ljrnkx y kmr kjp r mjxkqw

q~ kmr uvwvlm|kr qwjrnkvkjqn y kwvlr }

kmr kqkvz
vnozrq~vkkvl y
αT y vn vjp|kmvz vnozr y φ y vx |xr kq rkwvlk Cmα˙ vn Cm rwx|x kqkvz vnozrq~vkkvl 
²
qw kmr rÊ|vkjqnx uwrxrnkr mrwr y kmr rwjvkjrx
Cmα˙ vn Cmα vwr  jkm wrxu rlk kq kqkvz vnozrq~vkkvl y
αT  )kmrw kmvn mrwr nrrr kq vllq|nk ~qw kmr jnÇ|rnlr q~ owvjky kmr uqxjkjqn jn kmr vjp|kmvz jwrlkjqn
vx nqk lqnxjrwr jn kmr vkv wr|lkjqn 

|r kq x

pprkw

y kmr kjp rvrwvor vz|rx ~qw kmr xkvkjl p qprnk
vn vpujno lqrs ljrnkx qwkmqoqnvz kq
αT rwr vxx|pr kq }r rwq 
²
jwxk y kmr x|p q~ kmr pqprnkx jn kmr
αT uzvnr y v}q|k kmr uvwvlm|kr ujqk uqjnk y jx 
Iyyα¨T −
1
2
ρ∞V
2
∞SoDo
[
Cmα˙
Do
2V∞
α˙T + CmααT + Cmo
]
−mg cosφRcp cosαT = 0 Ł*

mrwr
g
jx kmr owvjkvkjqnvz vllrzrwvkjqn vn
Rcp jx kmr jxkvnlr ~wqp kmr uvwvlm|kr ujqk uqjnk kq jkx lrnkrw
q~ uwrxx|wr Łvxx|p r kq }r vk kmr xvp r uqjnk vx kmr lrnkrw q~ p vxx ~qw kmjx vnvz

xjx



mr lzq l vnozr y
φ
y
rÊ|vzx rwq mrn
ψ
jx rwq vn kmr
θ
jx u qxjkjr 

mr pqprnk q~ jnrwkjv y
Iyy y v}q|k kmr x jrz uqjnk jx
qp jnvkr }

kmr lqp}jnr uvwvlm|kr p vxx vn vuuvwrnk p vxx Łmrwr vxx|p r kq }r kmr vjw  jkmjn kmr ~|zz

jnÇvkr lvnqu


vlkjno vx v uqjnk p vxx vk v jxkvnlr y
Rcp y ~wqp kmr uvwvlm|kr x jrz uqjnk  mr pqprnk q~
jnrwkjv v}q|k kmr uvwvlm|kr lrnkrw q~ p vxx jx xp vzz lqpuvwr kq kmr
(m+ma)R
2
cp krwp  {qkr kmvk kmr p vxx y
m
y jn kmr owvjk

krwp jn
»
Ê|vkjqn * jx kmr uvwvlm|kr p vxx qnz

vn qrx nqk jnlz|r kmr vuuvwrnk p vxx 
Èn
»
Ê|vkjqn * y kmr xkvkjl vrwq

nvp jl pqprnk jx wruwrxrnkr }

kmr zjnrvwjr ruwrxxjqn 
M¯ =
1
2
ρ∞V
2
∞
S0D0 [CmααT + Cmo ] =
1
2
ρ∞V
2
∞
SoDoCm Łú

mrwr
Cmα jx kmr zq lvz xzqur q~ kmr xkvkjl pqprnk lqrs ljrnk l|wr  jkm wrxu rlk kq kqkvz vnozrq~vkkvl vn
Cmo jx kmr zq lvz jnkrwlruk q~ kmr zjnrvwjr xkvkjl p qprnk lqrs ljrnk l|wr  irwp jkkjno Cmα vn Cmo kq
vw

 jkm kmr zq lvz
αT vzzqr ~qw nqnzjnrvw pqprnk l|wrx kq } r rkwvlkr ~wqp kmr jrq vkv jn km jx vkv
wr|lkjqn 
²
qw n vkv uqjnkx ~wqp kmr jrq ~wvp rx y
αT vx p rvx|wr vn xrlqn qwrw ¼njkr jrwrnlr vz|rx ~qw α˙T
vn
α¨T Ł~q|wuqjnk xkrnljzx

rwr lvzl|zvkr kq q}kvjn nü rwxjqnx q~ rÊ|vkjqn * 

mrxr rwr u|k jn pvkwj
~qwp kq xqzr ~qw
Cmα˙ vn Cm 
[α¨T ] =
(
ρ∞V
2
∞SoDo
2Iyy
)[
Cmα˙
Do
2V∞
Cmα Cmo
]


α˙T
αT
1

+ mgRcp
Iyy
[cosφ cosαT ] ŁÚÛ


vkwj p vnju|zvkjqn

jrzx kmr ruwrxxjqn ~qw kmr pqprnk lqrs ljrnkx 
[
Cmα˙
Do
2V∞
Cmα Cmo
]
=
(
2
ρ∞V 2∞SoDo
)
(Iyy [α¨T ]−mgRcp [cosφ cosαT ])


α˙T
αT
1


>




α˙T
αT
1




α˙T
αT
1


>


−1
ŁÚÚ

È~ vzz vkv uqjnkx vwr |xr jn rÊ|vkjqn ÚÚy kmr vrwvor vz|rx ~qw kmr xkv}jzjk

lqrs ljrnkx vlwqxx kmr rnkjwr
vkv xrk vwr q}kvjnr  iwqjr rnq|om vkv uqjnkx vwr vvjzv} zr y jk jx uqxxj}zr kq rkrwp jnr kmr pqprnk
lqrs ljrnkx vx v ~|nlkjqn q~
αT  ²qw kmjx vnvzxjx y kmr vkv rwr uzvlr jn } jnx q~ v xurlj¼r xjr vllqwjno
+
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kq kqkvz vnozrq~vkkvl 

qzjno rÊ|vkjqn ÚÚ ~qw kmr vkv jn qnr q~ kmrxr } jnx ¼nx kmr pqprnk lqrs ljrnkx
vk v kqkvz vnozrq~vkkvl xqp rmrwr  jkmjn kmr }jn zjp jkx 
²
qw kmjx vnvz

xjx y kmr lqrs ljrnkx q}kvjnr jn v
}jn vwr ~qw kmr p rvn kqkvz vnozrq~vkkvl q~ vzz kmr vkv jn kmvk }jn 

qnkjn|jno  jkm kmjx jrv y v xzjjno } jn vuuwqvlm vx |xr kq q}kvjn kmr kwrnx q~ kmr pqprnk lqrs ljrnkx
vlwqxx kmr kqkvz vnozrxq~vkkvl q}xrwr jn kmr jrq vkv  t }jn xjr vx xrzrlkr Ł
1.5 deg
jx k

ujlvz

vn
uzvlr vk kmr zq rn q~ kmr kqkvz vnozrq~vkkvl wvnor 
²
qw rvpuzr v }jn p jomk lqnkvjn vzz u qjnkx } rkrrn
7
vn
8.5 deg
 »Ê|vkjqn ÚÚ vx xqzr ~qw vzz kmr vkv uqjnkx jn kmvk vnozrq~vkkvl wvnor 

mjx

jrzx v
xrk q~ xkv}jzjk

lqrs ljrnkx vk kmr prvn vnozrq~vkkvl q~ kmr uqjnkx jn kmr } jn 

mr }jn vx kmrn xzj |u
}

vn jnlwrprnk y k

ujlvzz

xpvzzrw kmvn kmr }jn  jkm 
²
qw rvpuzr y kmr nrk }jn p jomk lqzzrlk vkv uqjnkx
} rkrrn
7.1
vn
8.6 deg


mjx nr }jn lqnkvjnx pqxk q~ kmr xvp r uqjnkx vx jn kmr uwrjq|x }jn y zqxjno kmqxr
vk vnozrx } rzq
7.1 deg
y }|k vjno uqjnkx }rkrrn
8.5
vn
8.6 deg
 »Ê|vkjqn ÚÚ vx xqzr vovjn kq q}kvjn
kmr lqrs ljrnkx vk kmr nr prvn vnozrq~vkkvl vn kmr }jn xzjrx qrw vnqkmrw xp vzz jn lwrp rnk vn xq qn 
iwq lrrjno jn km jx p vnnrw y vz|rx q~
Cmα˙ vn Cm x  kqkvz vnozrq~vkkvl rwr q}kvjnr 
,
$ﬀﬁﬂ$%ﬁ!ﬃ

q vzjvkr km jx xzj jno } jn uvwvp rkrw jrnkj¼lvkjqn y v Ü

vnozrq~vkkvl mjxkqw

vx ornrwvkr  jkm nqn
pqprnk lqrs ljrnkx 

mr xzjjno  jnq vkv wr|lkjqn vx urw~qwp r qn kmr vnozrq~vkkvl mjxkqw

kq
rkwvlk kmqxr nqn lqrs ljrnkx 

mr vnozrq~vkkvl mjxkqw

vx ornrwvkr  jkm v ¼njkr jrwrnlr xjp|zvkjqn
q~
»
Ê|vkjqn * 

mr lqrs ljrnkx jn
»
Ê|vkjqn * lq|z } r xrzrlkr vw} jkwvwjz

y }|k ~qw kmjx lvxr rwr }vxr qn
k|nnrz lqnjkjqnx ~wqp kmr

krxk y kmr orqp rkw

q~ kmr

i
² ²
ÚÚÚ krxk uvwvlm|kr vn kmr xkvkjl u jklmjno
pqprnk vkv ~wqp kmr xkvkjl krxk uwqowvp Łxrr

v}zr Ú



mr xkvkjl p rvx|wrprnkx q~ kmr
²
 ÚÚÚ uvwvlm|kr
jnjlvkr vn |nxkv}zr kwjp uqjnk vk rwq rowrrx vnozrq~vkkvl vn v xkv}zr kwjp uqjnk vk
αT nrvw ÚÜ
rowrrx 

mr xkvkjl ujklmjno pqprnk vkv ~wqp

w| ý  jn k|nnrz krxkjno uwqjr v wrvzjxkjl y nqnzjnrvw
ujklmjno pqprnk lqrs ljrnk l|wr kq krxk kmr uvwvp rkrw jrnkj¼lvkjqn wq|kjnr 
²
jo|wr û xmq x kmjx l|wr
mjlm vx |xr jn kmr vzjvkjqn xjp|zvkjqn 
C
m
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Cm curve from
static test data
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
q xjp|zvkr v zjp jkl

lzr } rmvjqw ~qw kmr vzjvkjqn xjp|zvkjqn qnz

y v xjpuzr u jklm vpujno pqrz vx
lwrvkr mrwr
Cmα˙ mv vz|rx q~ +0.1 ~wqp 11 < αT < 13 ro vn −0.1 rzxrmrwr  ²jo|wr ß xmq x kmr
vzjvkjqn xjp|zvkjqn wrx|zkx vn jnjlvkrx kmvk kmjx vpujno pqrz  jkm kmr xkvkjl ujklm jno pqprnk vkv
qrx uwq|lr qxljzzvkqw

pqkjqn kmvk xrkkzrx jnkq v zjp jkl

lzr v~krw vn jnjkjvz jxuzvlrp rnk ~wqp kmr kwjp
vnozrq~vkkvl 

mr uvwvp rkrw jrnkj¼lvkjqn lqr vx kmrn krxkr }

rkwvlkjno kmr pqprnk lqrs ljrnkx }vl q|k q~ ~wqp
kmr xjp|zvkjqn wrx| zkx xmqn jn
²
jo|wr ß 
²
jo|wr Ýv lqpuvwrx kmr rkwvlkr
Cm jkm kmr Cm l|wr |xr
.
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jn kmr xjp|zvkjqn ~qw xrrwvz } jn xjrx 
²
jo|wr Ý} xmq x v xjp jzvw lqpuvwjxqn ~qw
Cmα˙  ² jo|wr Ýv xmq x
kmr uvwvp rkrw jrnkj¼lvkjqn p rkmqqzqo

jx rw

wq}|xk kq }jn xjr ~qw rkwvlkjno kmr ujklmjno pqprnk 

mr }jnnjno krlmnjÊ|r qrx mvr kwq|}zr jrnkj~

jno kmr jxlqnkjn| jk

jn kmr xjp|zvkr ujklm vpujno l|wr
vzkmq|om kmr rwwqwx vwr wr|lr  jkm xpvzzrw }jn xjrx  t jxlqnkjn|q|x u jklm vpujno pqrz jx vn rkwrp r
lvxr ~qw kmr uvwvp rkrw jrnkj¼lvkjqn krlmnjÊ|r y }|k jzz|xkwvkrx jkx zjp jkvkjqnx 
²
qw kmr uvwvp rkrw jrnkj¼ lvkjqn
q~ kmr uvwvlm|kr jrq vkv y v
1.5 deg
jnq vx lmqxrn vx v lqpuwqp jxr }rkrrn kmr n|p}rw q~ vkv
uqjnkx wr|lr jn rvlm }jn vn kmr xpqqkmjno jnkwq|lr }

v  jr } jn 
C
m
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
q rkrwp jnr rxkjp vkrx q~ kmr |nlrwkvjnkjrx ~qw kmr 

nvp jl vn xkvkjl p qprnk lqrs ljrnk wrx|zkx y kmr vkv
wr|lkjqn vx wru rvkr  jkm urwk|w}r vz|rx q~ kmr krxk xrk|u uvwvp rkrwx Łkrxk vuuvwvk|x jprnxjqnx y
ujrzkqprkrw lqnxkvnk y uvwvlm|kr jp rnxjqnx rkl



mr vkv wr|lkjqn uwq lrxx vx wru rvkr ÚÛÛÛ kjp rx
 jkm urwk|w}vkjqnx u zvlr qn kmr r

vkv wr|lkjqn uvwvp rkrwx  nlrwkvjnk

vz|rx rwr xurlj¼r ~qw rvlm
uvwvprkrw vn kmr urwk|w}vkjqnx rwr ornrwvkr wvnqp z

 jkm nqwp vz jxkwj}|kjqnx  jkmjn kmrxr p vjp|p
urwk|w}vkjqn vz|rx 

mr wrx|zkx q~ rvlm q~ kmr ÚÛÛÛ urwk|w} r lvxrx rwr lqzzrlkr vn vrwvor  tk rvlm
vnozrq~vkkvl kmr p rvn vn xkvnvw rjvkjqn q~ kmr
Cm vn Cmα˙ vz|rx rwr lvzl| zvkr  mr Þxkvnvw
rjvkjqn |nlrwkvjnk

}q|nx vwr uwrxrnkr jn kmr wrx|zkx xrlkjqn 

mr p vjp|p urwk|w}vkjqn vz|rx vwr
zjxkr jn

v}zr Ü 
áâã äå  ç éåìðïìãâð ÷öô â äïåó øöì ïôíåìðâ ÷ôð âôâ äó÷ó
ivwvprkrw nlrwkvjnk

ivwvprkrw nlrwkvjnk

Py ±10 pixels K ±1.969 pix/m (0.05 pix/in)
Pz ±10 pixels ma ±0.1 kg
lb, la, hc ±0.0254 m (1.0 in) R ±0.1524 m (6.0 in)
½½½ ¾ : ÓÔÄ ;ÀÔ
þehecßgfa
¹
ff¶fgÙa ù aeµgha` abfµ
tuuwq jp vkrz

Ýú xrlqnx q~ jrq vkv rwr vnvz

r y

jrzjno üÝß Ú vkv uqjnkx ~wqp mjlm ujklmjno pqprnk
vn ujklm vpujno jn~qwpvkjqn vx rkwvlkr 
²
jo|wr * xmq x v xrop rnk Ł~qw lzvwjk


q~ kmr uvwvlm|kr ýx
qwjrnkvkjqn m jxkqw

lvuk|wr ~wqp kmr jrq vkv 

mr vkv uqjnkx vwr kmr wv uqxjkjqn x rkwvlkr ~wqp kmr
jrq 

mr l|wr jx v zq lvz vrwvor q~ kmr nrvwrxk kmwrr uqjnkx vzqno kmr kjp r mjxkqw



qpuvwjno kmr wv
vkv  jkm q}xrwvkjqnx q~ kmr jrq ~qqkvor y jk vuurvwr kmvk kmr wv vkv lvuk|wrx xqp r q~ kmr pqkjqn q~ kmr
uvwvlm|kr jx wrzvkjr kq kmr }vn 

mjx p v

}r rvlrw}vkr }

kmr uwrxrnlr q~ kmr vur wjno  rlvzz kmvk
kmr vur wjno jx v xjonj¼lvnk vpq|nk q~ p vxx vk kmr vur q~ kmr uvwvlm|kr Łß ß< q~ kmr rnkjwr uvwvlm|kr=wjxrw
p vxx



mr jrq ~qqkvor x|oorxkx kmvk kmr wrzvkjr pqkjqn }rkrrn kmr jx vn }vn vx m jom ~wrÊ|rnl

Ç|lk|vkjqnx kq kmr }|z pqkjqn q~ kmr uvwvlm|kr  t x kmr vur wjno vx |xr jn kmr jrq vnvz

xjx kq jrnkj~

kmr uvwvlm|kr uqxjkjqn y kmjx wrzvkjr pqkjqn vx lvuk|wr jn kmr wv vkv  Èn vn vkkrpuk kq } rkkrw wruwrxrnk
kmr uvwvlm|kr pqkjqn |r kq vrwq

nvp jl ~qwlrx y kmwrruqjnk vrwvor vkv vx |xr ~qw kmr uvwvp rkrw
jrnkj¼lvkjqn  {qkr kmvk kmr xkw|k rkrnjno ~wqp kmr vzz kq x|uuqwk kmr }vlxmrzz pqrz vn x jrz p q|nk
lwrvkr v vr y jxw|ukjno kmr Çq qnxkwrvp kqvw kmr uvwvlm|kr 

mr uvwvlm|kr krnr nqk kq kwvrz
kmwq|om kmr vr wrojqn q~ kmr xkw|k 

mjx jx vuuvwrnk jn
²
jo|wr * mrwr
θ ≈ 0 deg
vn
ψ < 0 deg
 tn

jxw|ukjqn kq kmr vrwq

nvp jl } rmvjqw q~ kmr uvwvlm|kr lv|xr }

kmr xkw|k ýx vr vx nqk Ê|vnkj¼r jn
kmr vkv wr|lkjqn 
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
mr
1.5 deg
xzjjno  jnq vkv wr|lkjqn wrx|zkx ~qw ujklmjno pqprnk vwr xmqn jn
²
jo|wr ú 

mrxr vkv
xmq kmr uvwvlm|kr kq } r xkv}zr vn kwjp x vk v kqkvz vnozrq~vkkvl q~
10 deg


mr |nlrwkvjnk

}q|nx
rkrwp jnr ~wqp ÚÛÛÛ urwk|w} r lvxrx y xmq x vn |nlrwkvjnk

qn kmr kwjp vnozr q~ vuuwq jp vkrz
 ±1.25 deg


mr uvwvp rkrwx kmvk qp jnvkr kmr |nlrwkvjnkjrx vwr kmr uvwvlm|kr zrnokm y ujrzu rwp rkrw lqnxkvnk vn
kmr vuuvwrnk p vxx q~ vjw jn kmr uvwvlm|kr  irwk|w}vkjqnx q~ kmr uvwvlm|kr zrnokm vn kmr ujrzu rwprkrw
lqnxkvnk krn kq xmj~k kmr kwjp uqjnk y mjzr u rwk|w}jno kmr vuuvwrnk p vxx Łmjlm vrlkx kmr pqprnk q~
jnrwkjv

lmvnorx kmr xzqur q~ kmr ujklmjno pqprnk l|wr qnz


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²
jo|wr ú vzxq xmq x kmr xkvkjl krxk wrx|zkx Ł jkm Þxkvnvwrjvkjqn lqn¼rnlr zjp jkx

~wqp

w| 
Ï
{qkr
kmvk kmr vkv rkrwp jnr ~wqp kmr jrq jp vorx xmq kmr uvwvlm|kr kwjp x Ü rowrrx xmvzzqrw kmvn qrx kmr
xkvkjl krxk vkv 

mjx vuurvwx kq }r v wrvz jrwrnlr } rkrrn kmr uvwvlm|kr ýx vu r|nlqnxkwvjnr }rmvjqw
vn }rmvjqw mjzr ~qwlr kq vn vnozrq~vkkvl 

mr jrwrnlr jn kwjp uqjnk jx owrvkrw kmvn mvk lvn }r
vllq|nkr ~qw }

|nlrwkvjnkjrx jn rvlm krxk 

mjx jxvowrrp rnk jx nqk |nrurlkr vx xjonj¼lvnk r~qwp vkjqn q~
kmr uvwvlm|kr lvnqu

vx q}xrwr vk mjom vnozrxq~vkkvl |wjno kmr xkvkjl krxkjno 

mr ujklmjno pqprnk
xzqurx q~ }qkm xrkx q~ vkv vowrr ~vjwz

rzz vk zvwor vnozrxq~vkkvl  tk kqkvz vnozrxq~vkkvl }rzq kmr
kwjp uqjnk kmr jrqrwjr ujklm vpujno l|wr } rlqp rx pqwr xmvzzq vovjn vowrrjno pqwr lzqxrz

 jkm
kmr xzqu r q~ kmr xkvkjl krxk vkv 
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²
jo|wr ÚÛ xmq x kmr ujklm vpujno wrx| zkx ~qw
1.5
vn
3.0 deg
jnq x 
²
qw x|lm lmvqkjl p qkjqn q~ kmr
uvwvlm|kr y jk mv }rrn mqur kmvk v kwrn }r ~q|n ~qw ujklm vpujno vx v ~|nlkjqn q~ kqkvz vnozrq~vkkvl 

mr r~qwp vkjqn q~ kmr uvwvlm|kr lvnqu

vn xmrjno qwkjlrx uwq|lr ~qwlrx vn pqprnkx kmvk lv|xr
wvp vkjl lmvnorx jn kmr jwrlkjqn vn xu rr q~ kmr uvwvlm|kr y xrrp jnoz

vk wvnqp  »rn  jkm Ýú xrlqnx q~
vkv y kmr
1.5 deg
jnq vkv wr|lkjqn qrx nqk uwq|lr v xpqqkm
Cmα˙ l|wr  q v vkv uqjnkx kq rvlm
}jn Łvk kmr rurnxr q~ vnozrq~vkkvl wrxqz|kjqn

v
3.0 deg
jnq vx |xr 

mr
3.0 deg
jnq wrx| zkx
q ¼k  jkmjn kmr xp vzzrw  jnq vkv vn vw

pqwr lqnkjn|q|xz

 {qkr kmvk v  jnq mjlm rnlqpuvxxrx
kmr rnkjwr vkv xrk q|z

jrz qnr vz|r ~qw
Cmα˙ vlwqxx kmjx rnkjwr kqkvz vnozrq~vkkvl wvnor  t xx|p jno
kmr uvwvlm|kr mvx wrvlmr v Ê|vxjxkrv

xkvkr Łr o y v zjp jk l

lzr

y kmjx q|z wrÊ|jwr
Cmα˙ kq }r rwq ~qw
kmr ~|zz vkv xrk 
α  [deg]
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
mr |nlrwkvjnk

vnvz

xjx mrzux |nrwxkvn kmr vuuvwrnk kwrn jn ujklm vpujno  t zqno  jkm kmr |nlrwkvjnk

}q|nx y kmr p rvn
Cmα˙ vz|rx q~ kmr ÚÛÛÛ urwk|w} r lvxrx vwr uzqkkr jn ²jo|wr ÚÛ  mjx p rvn l|wr }jxrlkx
kmr
1.5
vn
3.0 deg
jnq vkv vn xmq x v kwrn  jkm vnozrq~vkkvl  tk kmr kwjp vnozrq~vkkvl y kmr
uvwvlm|kr jx 

nvp jlvzz

|nxkv} zr Ł
Cmα˙ > 0

 tk zq vnozrx y kmr uvwvlm|kr }rlqp rx 

nvp jlvzz

xkv}zr 
t}qr
11.5 deg
vn }rzq
7 deg
kqkvz vnozrq~vkkvl y kmr vpq|nk q~ vkv uqjnkx wqux q xjonj¼ lvnkz

vn
kmr |nlrwkvjnk

}q|nx jrwor vn }rlqpr Ê|jkr zvwor 

rkx q~ vuuwq jp vkrz

ÜÛÛÛ rÊ|vkjqnx q~ kmr ~qwp
xmqn jn
»
Ê|vkjqn * rwr |xr kq xqzr ~qw kmr xkv}jzjk

lqrs ljrnkx Łxrr
»
Ê|vkjqn ÚÚ

nrvw kmr kwjp vnozr
q~vkkvl y mjzr xrkx q~ vuuwq jp vkrz

ÚÛÛ rÊ|vkjqnx rwr |xr vk kmr m jom vn zq vnozr zjp jkx q~ kmr vkv 

mr vwjvkjqn jn vvjzv}zr vkv uqjnkx vk rvlm vnozrq~vkkvl vllq|nkx ~qw kmr vwjvkjqn jn |nlrwkvjnkjrx 

mr 

nvp jl xkv}jzjk

vwjvkjqn vlwqxx kmr rnkjwr kqkvz vnozrq~vkkvl wvnor vwr xp vzz lqpuvwr kq kmr
|nlrwkvjnkjrx 

mrwr~qwr y r¼njkjr lqpprnkx v}q|k kmr ujklm vpujno q~ kmr uvwvlm|kr vwr nqk uqxxj}zr
~wqp kmrxr vkv 
±
qrrw y 

nvp jl jn xkv}jzjk

vk kmr kwjp vnozrq~vkkvl lq|uzr  jkm wrojqnx q~ 

nvp jl
xkv} jzjk

vv

~wqp kmr xkvkjl kwjp vnozr jx v uzv|xj}zr p rlmvnjxp ~qw kmr }q|nr kqkvz vnozrq~vkkvl
wvnor q}xrwr jn kmr ~wrrkqwqkvkr jrq 

nvp jl jnxkv} jzjk

vk kmr kwjp vnozr q|z krn kq wjr kmr
uvwvlm|kr ~wqp rÊ|jzj}wj|p y mjzr 

nvp jlvzz

xkv} zr wrojqnx vv

~wqp kmr kwjp vnozr q|z krn kq vpu
q|k zvwor pqkjqnx vn kmr xkvkjlvzz

xkv}zr uvwvlm|kr q|z wrk|wn kq kmr kwjp uqjnk 

mr }jnvrwvor ujklm vpujno wrx| zkx vwr jn x|s ljrnk kq wruzjlvkr kmr lqpuzrkr }rmvjqw q~ kmr uvwvlm|kr 

mr jnxkvnkvnrq|x u jklm vpujno vz|rx lvn rjvkr xjonj¼lvnkz

~wqp kmr } jnvrwvor vkv uqjnkx xmqn
jn
²
jo|wr ÚÛ  t pqwr lqpuzrkr pqrz q~ kmr uvwvlm|kr }rmvjqw p v

wrÊ|jwr wvnqp lqpuqnrnkx } r vr
kq kmr ujklm vn

v vpujno vn xkvkjl xkv}jzjk

lqrs ljrnkx vx v ~|nlkjqn q~ kjp r  t zxq y kmr |nlrwkvjnkjrx
jnkwq|lr }

kmr xrzrlkjqn q~ }jn xjr wrp vjn v lqnlrwn y vzkmq|om kmrwr jx ~vjwz

oqq vowrrp rnk } rkrrn
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kmr
1.5
vn
3.0
rowrr  jnq vkv 
²
|wkmrwpqwr y kmr xkvkjl vn 

nvp jl vkv rkwvlkr mrwr uwqjr ~qw
nq prlmvnjxp kmvk q|z jnkwq|lr vjp|kmvz p qkjqnx  t pqrz lvuv}zr q~ uwrjlkjno vjp|kmvz p qkjqnx
kmvk vw

jn jwrlkjqn vn p vonjk|r y mjzr xrkkzjno kq v Ê|vxj xkrv

xkvkr jx wrÊ| jwr kq ~|zz

rxlwj}r kmr
uvwvlm|kr pqkjqn 

|lm v pqrz lvn nqk }r rkwvlkr }

kmr p rkmqx rrzqu r mrwr y vzkmq|om jk xmq|z
} r uqxxj} zr kq ruvn qn kmr uwjnljuzrx | xr jn kmjx rqwk kq q xq 
½Q ¾ RÂ¿Å ;ÄÔÆÂ¿Ô
t prkmq ~qw rkwvlkjno ujklm jno pqprnk rwx|x kqkvz vnozrq~vkkvl ~wqp jrq vkv q~ v uvwvlm|kr kmvk
jx ~wrr kq wqkvkr v}q|k jkx vnlmqw uqjnk mvx } rrn rrzqur 

vzjvkjqn qw |xjno v xjp|zvkr qxljzzvkjno
uvwvlm|kr ¼wxk xmqr kmvk kmjx uvwvp rkrw jrnkj¼ lvkjqn krlmnjÊ|r lvn rkwvlk nqnzjnrvw xkvkjl vn 

nvp jl
ujklmjno pqprnk jn~qwp vkjqn ~wqp kmr pqkjqn q~ v Ü

xjp|zvkjqn  {rk y kmrxr uvwvp rkrw jrnkj¼ lvkjqn
krlmnjÊ|rx rkwvlkr v ujklmjno pqprnk l|wr ~wqp Ýú xrlqnx q~ jrq vkv 

mrxr vkv xmq kmr uvwvlm|kr
kq }r xkvkjlvzz

xkv} zr vk v kqkvz vnozrq~vkkvl y jn vowrrp rnk  jkm xkvkjl  jn k|nnrz krxkx 

mr kwjp vnozr
q~vkkvl y mqrrw y vx jrnkj¼r kq }r kq rowrrx xmvzzqrw kmvn vx p rvx|wr jn kmr xkvkjl k|nnrz krxkx 
t xk|
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
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
vn kjp r vwjvkjqn q~ kmr xkv}jzjk

lqrs ljrnkx ~wqp
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
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
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~qw mjx jzjornk rqwkx urw~qwp jno
jrq vnvz

xjx ~qw kmjx qw 
: Ó YÓÁÓ¿ÅÓÔ
1Z ¨£   [ \ © \ ° Z¢­    \ [ \  ] ^¨¥ ­ ^¨_ ¦ ¢ 1¨¯£ ¥¦  ¤£ª¢£¥ 
` abcdefg b
h i j
dkdf
h l
  m¢ \

 
n
 \
¬
 
¬3.
   \
.o3Ñ
\
2Z¢­    \ [ \  ]¥¦  ¤£ª¢£¥ ­ 
n
° 1¨¯£ ° 1¥¢° ¤¥£¦  
` abcdefg b
h i j
dkdf
h l
  m¢ \
.
 
n
 \
.
 
¬3
+
¬
 
 \
F®oF3
\
3pq¢¢    \ r \  s¯£¢¥  « \  \  ° ¥   t \ © \  ]°¥¦  ° «£¢ [  ©°¢ 1¨¯£ p  
`
«
+
o ¬®
+
¬
 
¬3
+

\
4
p
¯u   r \ t \  © q   t \  \  v ¢¢    \ [ \  ° §ªq ¢¢   © \  ]Z ° ^¯¢ ^£ ­ m¯  q_w_§° 1¨¯£  
`
«
ÑFFÑoÑ ¬Ñ3
 
ÑFFÑ
\
¬®
­
¬®
¦ «££¯£ ­ ¯£ °  £¯£
